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Ab s t r ac t 

The combined e f f e c t s  of a thermal gradient and a dc e l e c t r i c  f i e l d  upon a 

poorly conducting f l u i d  are used t o  induce steady convection. A na tu ra l ,  

ver t ica l ly-d i rec ted  temperature gradient  i s  used t o  e s t ab l i sh  an e l e c t r i c a l  

conductivity gradient over t he  rectangular cross-section of a l i qu id - f i l l ed  

channel. Then a s t a t i c  po ten t i a l ,  which var ies  e i t h e r  l i n e a r l y  o r  per iodica l ly  

along the  channel, i s  imposed on electrodes t h a t  form the  channel top.  A s i m i -  

l a r  po ten t i a l ,  s p a t i a l l y  sh i f t ed  i n  the  longi tudinal  (hor izonta l )  d i rec t ion ,  i s  

applied at the bottom of the  channel. These electrodes make physical and elec- 

t r i c a l  contact w i t h  the  f l u i d ,  which typ ica l ly  has a mean e l e c t r i c a l  conductivity 

of' 10-1 'mhos/m. 

of t he  r e su l t i ng  e l e c t r i c  f i e l d  induces free charges i n  the  bulk,  and these 

charges are then  pul led i n  the  horizontal  d i rec t ion  by t h e  longi tudinal  com- 

ponent of the  e l e c t r i c  f i e ld .  An ana ly t i ca l  model is used t o  pred ic t  the dis- 

t r i bu t ion  of po ten t i a l ,  e l e c t r i c  s t r e s s ,  and veloci ty .  

Because of t he  conductivity gradient ,  the v e r t i c a l  component 

It i s  assumed tha t  e f f e c t s  of convection on the charge d i s t r ibu t ion  can be 

ignored ( e l e c t r i c  Reynolds number s m a l l ) .  A n  experiment i s  described i n  which 

the  per iodic  po ten t i a l  d i s t r ibu t ion  i s  closed on i t s e l f  i n  a rek'ntrant channel 

t o  achieve f u l l y  developed flow. Experiment and theory compare favorably with 

discrepancies a t t r i b u t a b l e  la rge ly  t o  f i n i t e  e l e c t r i c  Reynolds number e f f e c t s .  
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I. Introduction 

A. Physical Phenomenon 

Natural convection, as it obtains i n  f l u i d s  subject  t o  the  combina- 

t i o n  of thermal gradients  and g rav i t a t iona l  forces ,  is  the  bas is  f o r  the  

t ranspor t  of heat and mass’ i n  p r a c t i c a l  s i t ua t ions  t h a t  range from the  

cooling of u t i l i t i e s  transformers* t o  atmospheric circulations3. Thus it 

i s  the  simple bas ic  mechanism of the  buoyancy force induced by a thermal 

gradient t h a t  forms the  theme f o r  an area of f l u i d  mechanics . 4 

There i s  a similar c l a s s  of electrohydrodynamic flaws obtained by 

applying both an e l e c t r i c  f i e l d  i n t e n s i t y  E and a temperature gradient VT 

t o  a f l u i d  of s l i g h t  e l e c t r i c a l  conductivity. In these cases,  t he  buoyancy 

force responsible f o r  na tu ra l  convection is  augmented o r  even replaced by an 

electro-thermally induced force density.  The e l e c t r i c  force densi ty ,  which 

i s  w e l l  is  the consequence of a charge accumulation due t o  an 

e l e c t r i c a l  current component having the  same di rec t ion  as t h e  thermally 

induced e l e c t r i c a l  conductivity gradient.  

conductivity o i s  temperature-dependent i n  most l i qu ids  generally regarded 

as e l e c t r i c a l  insu la tors  (0 < lO-*mhos/m). 

I’hat i s ,  t h e  na tu ra l  e l e c t r i c a l  

Thus, i f  there  i s  a l o c a l  grad- 

i en t  i n  temperature induced by a thermal flux, there  i s  an accompanying 

gradient i n  0 ,  and a space charge densi ty ,  q ,  given by 

where it i s  assumedthat thermally induced var ia t ions  i n  the permi t t iv i ty  

are negl ig ib le  i n  e f f e c t ,  t h a t  steady conditions preva i l ,  and that t h e  con- 

duction current density J = UE dominates t h e  convection current 9; (caused 
- 

by the  f l u i d  ve loc i ty  v) so tha t  V*J = 0. 
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A s  an example, suppose t h a t  the  e l e c t r i c  f ie ld  in t ens i ty  and conduc- 

t i v i t y  gradient at a given point i n  the f l u i d  were as shown i n  Fig. 1. 

Then, t h e  charge induced would be negative,  and t h e  e l e c t r i c a l  force c@ 

would be i n  a d i rec t ion  opposite t o  E. 
i n  the d i rec t ion  of the  thermal gradient tend t o  destroy both t h e  thermal 

and conductivity gradients .  

by the longest re laxat ion o r  diffusion t i m e  f o r  maintaining the  driving 

gradients.  Depending on the  f l u i d  proper t ies  and the pa r t i cu la r s  of t he  

configuration, t he  flow can be l imi ted  by a thermal time constant fo r  main- 

t a in ing  t h e  temperature gradient i n  t he  Pace of t he  convection, o r  by an 

e l e c t r i c a l  re laxat ion t i m e  required f o r  the accumulation of space charge. 

A s  with na tu ra l  convection, motions 

These motions are therefore  at  a rate l imi ted  

In  con t r a s t ,  convection perpendicular t o  the  thermal and conductivity 

gradients  does not tend t o  destroy these grad ien ts ,  and can therefore  proceed 

at a f a s t e r  rate. For the  example of Fig. 1, such motions would be i n  the 

x ( longi tudina l )  direct ion.  The t ransverse f i e l d  component E then serves 

the  purpose of creat ing t h e  space charge, but a l so  produces a force densi ty  

that  must be balanced by hydrostat ic  pressure. 

Y 

Two cases are developed i n  the  following sect ions.  In the first,  an 

e l e c t r i c  f i e l d  with both t ransverse and longi tudinal  components i s  produced 

i n  t h e  volume of a channel flow by imposing po ten t i a l  d i s t r ibu t ions  on t h e  

channel t op  and bottom that  vary l i n e a r l y  with longi tudinal  distance.  The 

points  of zero po ten t i a l  are displaced longi tudinal ly ,  so  t h a t  both of t h e  

required components of E are present .  O f  course, there  is  only a l imited 

distance over which the po ten t i a l s  can be p rac t i ca l ly  made t o  vary l i nea r ly .  

A second configuration obviates t h i s  d i f f i c u l t y  by using s p a t i a l l y  per iodic  

po ten t i a l  d i s t r ibu t ions ,  w i t h  t h a t  on the  bottom s h i f t e d  i n  phase with res- 

- 
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1-x 

Fig. 1 The component of e l e c t r i c  f ie ld  in t ens i ty  E i n  the d i rec t ion  of 
Y 

t he  conductivity gradient Va leads t o  the  l o c a l  accumulation of 

space charge. The e l e c t r i c a l  force i s  i n  the  direct ion of E, hence 

has a componen% i n  the x direct ion.  
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pect t o  that  on the  top. The f a c t  t h a t  steady convection results can be 

t raced  d i r e c t l y  t o  t h e  important f a c t  that the  space charge i s  induced by 

the  same f i e l d  t h a t  is  responsible f o r  producing the  force.  Thus a r eve r sa l  

of t h e  f i e l d  po la r i ty  a l s o  reverses t h e  s ign of t h e  charge [Eq. (111, and 

hence leaves t h e  s ign  of t h e  force unchanged. 

B. Background 

A study has i l l u s t r a t e d  the  fact t h a t  a t r ave l ing  wave of po ten t i a l  can 

be used t o  induce convection perpendicular t o  t h e  e l e c t r i c a l  conductivity 

gradient produced by a temperature gradient.7 

lari t ies between t h a t  in te rac t ion  and t h e  second case described here, there  

are a l so  e s s e n t i a l  differences.  Here, t he  applied f i e l d s  are s t a t i c .  This  

means t h a t  the po ten t i a l  d i s t r ibu t ions  must be imposed with electrodes tha t  

m a k e  e l e c t r i c a l  contact with the f l u i d .  

duction current  from the ex terna l  sources of po ten t i a l  t o  the  f l u i d ,  and t h e  

f l u i d  would polar ize  i n  such a way as t o  exclude the  e l e c t r i c  f i e l d  from the 

bulk. 

at one point i n  the f l u i d  bulk at the expense of charges at another point ;  t he re  

i s  no requirement f o r  e l e c t r i c a l  contact with the f lu id .  

Although there  are many s i m i -  

Otherwise, t he re  would be no con- 

In  t h e  t rave l ing  wave "induction in te rac t ions" ,  t he  charges are induced 

There is  t h e  important question of whether or not hydrostat ic  pressure 

can be used t o  equ i l ib ra t e  the t ransverse force produced by the component E 
Y 

used t o  induce the  space charge If it i s  assumed that the temperature pro- 

f i l e  is na tu ra l ,  than g rav i t a t iona l  buoyancy forces  tend t o  s tab i l ize  t h e  

prof i le .  However, there remains t h e  p o s s i b i l i t y  of i n s t a b i l i t y  produced by 

the t ransverse e l e c t r i c a l  forces.  For such an i n s t a b i l i t y ,  there  i s  a thres -  
- 

hold which, f o r  no longi tudinal  E ,  has been predicted and In the 

following developments, it is assumed t h a t  t h e  threshold f o r  i n s t a b i l i t y  i s  
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not exceeded, and i n  the  per iodic  po ten t i a l  case where the t ransverse force 

is  not constant,  that secondary convection from the t ransverse forces  is not 

of s ignif icance.  

11. Spa t i a l ly  Linear Po ten t i a l  

A. Configuration 

A cross-sectional view of t h e  plane flow configuration i s  shown i n  

Fig. 2. Electrodes at y = -?IR are constrained i n  po ten t i a l  $ such t h a t  

These d i s t r ibu t ions  are sketched i n  Fig. 2 ,  together  with the l i n e s  of con- 

s t an t  po ten t i a l  and e l e c t r i c  f i e l d  in t ens i ty  found i n  Sec. I I B .  The pos i t ion  

of zero po ten t i a l  on the  upper e lectrodes i s  s h i f t e d  with respect t o  t h a t  on 

the lower electrodes by the dis tance xo. 

duct iv i ty  increases with depth, t h e  t ransverse comDonent of E gives rise t o  

a negative bulk charge, and t h i s  conspires w i t h  the longi tudinal  component of 

Note from Eq. (1) t h a t ,  i f  the con- 

_- 
E ,  which i s  negative,  t o  produce an e l e c t r i c a l  force density tending t o  propel 

the f l u i d  i n  the pos i t ive  x di rec t ion .  

Because the  temperature var ia t ion  only serves t o  create  the conductivity 

gradient , t h e  thermal aspects of the  problem are  a secondary consideration. 

In  f a c t  , any s t r a t i f i c a t i o n  mechanism tha t  leads t o  the  e l e c t r i c a l  conduc- 

t i v i t y  p r o f i l e  

0 = oo + o,Y/R (3) 

o and cI1 constants ,  would be described by t h e  ana ly t ica l  model now derived. 
0 





B. Po ten t i a l  Distr ibut ion 

Under steady-state conditions,  with the convection current ignored, 

conservation of charge requires  t h a t  

aV2$ + vo*vcp = 0 ( 4 )  

where = -V$. The e s sen t i a l s  of the in te rac t ion  are re ta ined  i f  the  first 

coef f ic ien t  i n  Eq. (4 )  i s  approximated by the  mean conductivity,  cr . Then, 

Eq. ( 4 )  becomes 
0 

where a = a,/U 9,. 
0 

The solut ion t o  Eq. ( 5 )  which satisfies boundary cond&ions (2 )  i s  

This po ten t i a l  d i s t r ibu t ion ,  and the  implied e l e c t r i c  f i e l d  in t ens i ty ,  i s  

i l l u s t r a t e d  i n  Fig. 2.  

C. E l e c t r i c a l  S t r e s s  and Velocity P ro f i l e s  
- 

For plane Couette flow, v = v x ( y ) i  and there  are no contr ibut ions t o  
X 

t he  longi tudinal  force balance from pressure o r  i n e r t i a .  Thus, the x-com- 

ponent of t he  equation of motion equi l ibra tes  t h e  e l e c t r i c a l  and viscous 

force dens i t i e s  

-T a + - T  a .-.;(p37) a a VX 
ax xx a y  xy 

1 where T = d3.E - - 6 &Ek% and p is  the v iscos i ty .  The Maxwell stress i j  i j  2 i j  

coqonent  T 

on y t o  give 

i s  independent of x, so t h a t  Eq. (7)  can be integrated twice xx 
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-R 4 

Note t h a t  the electrodes at y = 2% contact < t h e  f l u i d  physical ly ,  so t h a t  

Eq. (8) must s a t i s f y  t h e  conditions vx(R) = vx(-R) = 0. 

Although it i s  straightforward t o  take account of the  var ia t ion  of 

v iscos i ty  with depth, t h e  complexity of the  predict ions obscure t h e  physics 

of i n t e r e s t ,  and 1.1 has been taken as a constant ( t he  average) i n  the  second 

in tegra t ion  of Eq. ( 7 ) .  From Eq. (61, it follows t h a t  t he  e l e c t r i c  shear 

xo e"rrJr 
2 s inh aR ( 9 )  

and hence the  required ve loc i ty  p r o f i l e  follows from Eqs. (8)  and ( 9 )  as 

For the  case w i t h  01 pos i t i ve ,  so t h a t  t h e  more insu la t ing  f l u i d  i s  at 

the  bottom of the  channel, the  e l e c t r i c a l  force densi ty  aT 

shear stress are seen from Eq. (9)  t o  be the  l a rges t  at t he  bottom. Thus, 

the peak i n  ve loc i ty  as given by Eq. (10) falls  somewhat below the channel 

midplane at y = -Rn(sinh 

/ay and the  
XY 

a!?,/orR)/a. 

The nature of thermally induced electroconvection i n  s t a t i c  e l e c t r i c  

fields i s  i l l u s t r a t e d  by Eq. (10) .  

t h e  s p a t i a l  re la t ionship  of t h e  imposed po ten t i a l s  (x,) and not by the  s ign 

of t h e  imposed po ten t i a l  Vm. 

The d i rec t ion  of flow i s  determined by 

Note t h a t  the  t ransverse force  density implied by Eq. (6 )  is independ- 

ent  of t h e  longi tudinal  posi t ion x, and i s  therefore  balanced by the  hydro- 

s t a t i c  pressure.  

i n  s t ab i lit y . 
However, it i s  t h i s  force component t ha t  plays a par t  i n  
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111. Spa t i a l ly  Periodic Po ten t i a l  

A. Configuration 

It i s  c l e a r  from t h e  concluding remarks t o  See. I I C  t h a t  t h e  longitudi- 

n a l  force density i n  the l i n e a r  po ten t i a l  configuration of Fig. 2 remains 

pos i t i ve  i f  the p o t e n t i a l  d i s t r ibu t ions  are decreasing, r a the r  than increasing,  

functions of x. The sh i f t  x determines t h e  d i rec t ion  of flow. 
0 

A na tu ra l  evolution of t he  l i n e a r  p o t e n t i a l  d i s t r ibu t ion  case,  t o  obtain 

a channel of a r b i t r a r y  length, i s  sketched i n  Fig. 3a. The p o t e n t i a l  d i s t r i -  

butions a re  now s p a t i a l l y  per iodic ,  w i t h  a phase difference of x = Q/k. Over 

the  ranges of x where t he  slopes of the imposed p o t e n t i a i  d i s t r ibu t ions  are  of 

t he  same s ign ,  t h e  channel configuration is  e s s e n t i a l l y  t h e  same as f o r  t h e  

l i n e a r  d i s t r ibu t ion .  O f  course, t he re  are now s o a t i d  var ia t ions  i n  both com- 

ponents of t he  force densi ty .  The flow response of the f l u i d  t o  the e l e c t r i c a l  

s t r e s s  averaged over one wavelength i s  computed. 

B. Po ten t i a l  Distribution 

The po ten t i a l  d i s t r ibu t ions  a re  approximated by the first Fourier compo- 

nents ,  so  t h a t  b o u n d q  conditions a re  

A 

To match these  conditions, so lu t ions  a re  assumed of t h e  form Q, = Re Q,(y)exp(-jkx), 

where it then follows from Eq. ( 5 )  that 

It follows tha t  Ip aexp(py>,  where 
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Fig .  3 Cross-sectional view of flow configuration with s p a t i a l l y  per iodic  dis-  

t r i b u t i o n  of imposed po ten t i a l .  ( a )  Electrode po ten t i a l  d i s t r ibu t ions .  

(b )  Po ten t i a l  d i s t r ibu t ion  i n  f l u i d  bulk (a >>  k ) .  ( c )  Lines of 

e l e c t r i c  f i e l d  i n t e n s i t y  and induced space charge, showing regions t h a t  

contr ibute  t o  a force densi ty  i n  the x di rec t ion .  
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A l i n e a r  combination of so lu t ions ,  Eq. (13) , t h a t  satisfies t h e  

boundary conditions (11) is 

a - FR ' = sinh @(L+y)+ e sinhB (R-y) ] (14) sinh 262 
Vo e 

A sketch of t h i s  po ten t i a l  d i s t r ibu t ion  with €3 =  IT/^ used f o r  the case a > >  k 

i s  shown i n  Fig. 3b, and Fig.  3c i l l u s t r a t e s  the implied l i n e s  of e l e c t r i c  f i e l d  

in t ens i ty  and space charge. In regions where the  po ten t i a l  slopes on the  chan- 

n e l  t op  and bottom are of l i k e  s ign ,  t he  po ten t i a l  and f i e l d  d i s t r ibu t ions  have 

the  character  of those for t he  l i n e a r  d i s t r ibu t ion .  I n  the intervening regions,  

the  f i e l d s  tend t o  produce undesirable forces  i n  t h e  t ransverse and longi tudina l  

direct ions.  

C. E l e c t r i c a l  S t r e s s  and Velocity Distr ibut ions 

Under the  assumption of plane Couette f l o w ,  Eq. (7 )  i s  again appropriate. 

It is  assumed t h a t  the f l u i d  responds t o  the  e l e c t r i c a l  force averaged over 

one wavelength. Thus the  first term i n  Eq. (7) m a k e s  no contr ibut ion,  and 

it is  the  s p a t i a l l y  averaged value of shear stress <T > t ha t  i s  required i n  

the  second term. To compute <T > = <&E E > , use i s  made of t h e  i d e n t i t y  
XY X Y  

<Re A e -jkX R e  B e 

Xy 

A h A h  

-jkx> = Re A*B, and Eq. (14), t o  w r i t e  2 

With t h i s  r e s u l t ,  Eq. (8)  is in tegra ted  t o  obtain the veloci ty  p ro f i l e  

2 
v = ckVo @sin  8 [cosh a2 - e-CaT- (f)sinh cx!L]/2pce s inh 281 (16) X 

The same a t t r i b u t e s  are apparent here as f o r  t h e  l i n e a r  case,  Eq. (101, except 

t h a t  t h e  phase s h i f t  now gives a l a rges t  pos i t ive  ve loc i ty  as 8 = T/2; the phase 

s h i f t  i l l u s t r a t e d  i n  Fig.  3 and used i n  the  experiment of Sec. I V .  Note t h a t  
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t h e  peak ve loc i ty  i s  at t h e  same pos i t ion  as f o r  t h e  l i n e a r  case. 

IV. Experiments 

A n  apparatus f o r  studying t h e  electroconvective pumping i s  shown i n  

Plexiglas channel w a l l s  support brass rods t h a t  both impose the Fig. 4. 

required per iodic  longi tudina l  va r i a t ion  i n  p o t e n t i a l  and constrain the 

longi tudina l  ve loc i ty  of the  adjacent f l u i d  t o  be e s s e n t i a l l y  zero. 

l i q u i d  extends above t h e  upper e lec t rodes ,  where, a t  t he  beginning of a t e s t ,  

t he  temperature i s  raised t o  Th. Because the t i m e  constant f o r  conduction of 

heat t o  t he  f l u i d  at the bottom i s  long compared with the  t i m e  required f o r  

a test run, no heat s ink is  required t o  maintain the  temperature T i n  t h e  

region of f l u i d  below t h e  bottom electrodes.  

The 

C 

Experiments, conducted by using a l inear  p o t e n t i a l  d i s t r ibu t ion  imposed 

e s s e n t i a l l y  as described i n  Sec. 11, result i n  ve loc i t i e s  t h a t  a re  i n  reason- 

able agreement w i t h  t h e  prediction of Eq. (10)”. For these t e s t s ,  t h e  elec- 

t rodes  are placed only i n  a sec t ion  of t h e  rek‘ntrant channel which has a length 

of 15 cm. As a r e s u l t ,  the  conditions of f u l l y  developed flow i n  the in t e r -  

ac t ion  region are not m e t ;  moreover, the pressure drop due t o  the return c i r -  

cu la t ion  of the f l u i d  i s  not accountea f o r  by the  theory. 

The imposition of an i n t e g r a l  number of wavelengths of a per iodic  poten- 

t i a l  on electrodes t h a t  extend over the circumferential length of the channel 

makesit possible  t o  maintain cont ro l  

s tances  predicated i n  Sec. 111. are then more c lose ly  approximated. Hence, 

only data found f o r  t h e  s p a t i a l l y  periodic case are presented here. 

over t h e  flow conditions. The circum- 

Physical parameters f o r  the experiments are summarized i n  Table I and 

Fig. 4. 

e s s e n t i a l l y  at t h e  channel center ,  i s  measured by in j ec t ing  a s m a l l  amount of 

t he  working f l u i d  (corn o i l )  w i t h  dye added, This i s  done i n  such a way t h a t  

t he  e l e c t r i c a l  and thermal m o f i l e s  are not a l t e r e d  appreciably. In any case,  

The ve loc i ty ,  which f o r  the  experimental conditions has i t s  peak value 
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Fig. 4 Rezntrant channel f o r  studying flow induced by spa t i a l ly  periodic poten- 

t i a l s ,  showing s ide  and end views of channel. The m e e n  length of the  

channel i s  2.43 m,  so tha t  there  are nine wavelengths of po ten t ia l  

imposed on the  electrodes. The channel is shown without t he  voltage 

divider and connecting wiring f o r  electrodes. 
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t he  use of the dye marker and a s top  watch f o r  ve loc i ty  measurements involves 

only a wavelength o r  so of t he  nine wavelengths. 

i n  flow series with the  next,  l o c a l  disturbances tend t o  be smoothed out. 

Because each wavelength is  

A l l  measurements are taken w i t h  the phase s h i f t  f o r  m a x i m u m  veloci ty;  

8 = ~ / 2 .  The voltage V i s  the peak po ten t i a l  of the sawtooth po ten t i a l  d is -  

t r i b u t i o n  sketched i n  Fig. 3a and imposed on t h e  channel e lectrodes w i t h  voltage 

dividers.  In  the  t h e o r e t i c a l  model, t h e  first Fourier component of t h i s  distri- 

bution i s  used, w i t h  a peak po ten t i a l  Vo = 0.85 V . 
(ld), a normalized ve loc i ty  at the channel center  is  

P 

Then, according t o  Eq. 
P 

Ek 0.72 V: a sinh 2f3R 
S = " x ( ~ )  2fi(cosh aR 

= (17) 

Note t h a t  v 

conductivity p r o f i l e ,  but have the  same mean v iscos i ty ,  should have the same 

dependence on V . 

i s  the ve loc i ty  normalized s o  t h a t  experiments which differ i n  
S 

P 
Experimental measurements, together  w i t h  the  predict ion provided by Eq. 

(17) are shown i n  Fig. 5. It must be recognized tha t  var ia t ions  i n  the  vis-  

cos i ty  across the  channel have been ignored, and tha t  the  e l e c t r i c a l  conduc- 

t i v i t y  i s  not an e n t i r e l y  stable f l u i d  parameter, even f o r  corn o i l ,  a f l u i d  

chosen f o r  i t s  r e l a t i v e  s t a b i l i t y .  

the  theo re t i ca l  model and measurements represented by Fig.  5 is  consistent 

w i t h  uncer ta in t ies  i.n the physical parameters used i n  Eg. (17). 

Y%us, t h e  quant i ta t ive  disagreement between 

V. Concluding Remarks 

The in ten t ion  of t h i s  work i s  t o  demonstrate quant i ta t ive ly ,  i n  a s  

simple a manner possible ,  t he  c l a s s  of electrohydrodynamic flows found as 

s l i g h t l y  conducting f l u i d s  are simultaneously stressed by constant e l e c t r i c  



- l l a  - 
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(crn /sec 1 
20 
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0 2 4 6 8 IO 
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Fig .  5 Mean veloci ty  at channel center  f o r  th ree  trials. 

For tr ials nos. 1 and 3,  the ac tua l  ve loc i ty  

vs is defined i n  terms 

of vx(0) by Eq. (17). 

i n  cm/sec. i s  0.099 vs, while f o r  t r i a l  No. 2 it i s  0.13 vs; V is t h e  
P 

peak voltage of t he  sawtooth waveform. 



f ie lds  and a thermal f lux.  A s  with na tu ra l  convection, these flows become 

considerably more complicated t o  describe i f  there  i s  a coupling between the  

convection and e i t h e r  the thermal o r  t he  e l e c t r i c a l  gradients  t h a t  drive the  

convection. For the  flows t ransverse t o  the  thermal gradient discussed here,  

the thermal gradient i s  l e f t  undisturbed by the  convection. However, i n  the 

case of t he  per iodic  po ten t i a l  d i s t r ibu t ion  > the  e l e c t r i c a l  re laxat ion pro- 

cess does en te r  as a l imi t a t ion  on the flow rate. The e l e c t r i c  Reynolds number 

i s  a measure of t h e  e r r o r  committed i n  Eq. ( 4 )  by ignoring t h e  e l e c t r i c  convec- 

t i o n  current density,  vq. Note t h a t ,  with the  constant coef f ic ien t  approxima- 

t i o n ,  t he  first term i n  Eq. (4) i s  (J g/&, and it i s  c l e a r  t h a t  the convection 

current contribution can be ignored i f  

- 

0 -- 

T h i s  inequal i ty  requires  t h a t  t h e  e l e c t r i c  Reynolds number R 

s m a l l  compared w i t h  uni ty .  The experiments reported i n  See. I V  s a t i s f y  t h i s  

condition, with Re at most 0.25. 

= &vXk/(J be e 

It is  c l ea r  that  fu r the r  s tud ies  are ca l led  f o r  t o  explore the conse- 

quences of f i n i t e  thermal diffusion and e l e c t r i c a l  re laxat ion processes. 

processes 

and the shear flow, are the  primary l imi ta t ions  on the breadth of p r a c t i c a l  

appl icat ions f o r  t h i s  c l a s s  of flows. 

These 

along with i n s t a b i l i t i e s  connected w i t h  both t h e  s t a t i c  equilibrium 

-----.---- 
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E = 3.1 h = 2n/k = 0.27 m 

i 

t---------- 

37 

38 

37 

1.06 x 10-l' 

1.21 x 10-l0 

1.08 x lo-'' 

0.24 X 10-l' 

0.37 X lo-'' 

0.25 X lo-'' 

I 

Table I. Physical parameters and apparatus dimensions for  t r i a l  

runs of Fig. 5 .  


